Subsurface-flow constructed wetlands (CW) with charcoal-or slag-based bed matrices were investigated for their potential use in remediating acid mine drainage (AMD). A CW is effectively a reactor in which some components of the wastewater are broken down by the organisms occurring within the CW, whilst others may be degraded by physico-chemical processes or a combination thereof. Two 200 ℓ small-scale CWs were built at the University. Commercially available charcoal and <19 mm basic oxygen furnace (BOF) slag were used as the bed matrices and the units were planted with a variety of plants. The units were exposed to an artificial AMD. The results showed that the systems removed almost all soluble iron and more than 75% of the sulphate. Both CWs were able to increase the pH of the AMD.
INTRODUCTION Background
Acid mine drainage (AMD) is liquid drainage from existing or historic mining operations which is typically characterised by low pH and high concentrations of heavy metals such as iron and manganese, in addition to high sulphate concentrations (Peppas et al., 2000; Potgieter-Vermaak et al., 2006) . It is mainly associated with mining and quarrying, and is formed when sulphide-bearing minerals are oxidised in the presence of water and oxygen (Potgieter-Vermaak et al., 2006; Akcil and Koldas, 2006; Lindsay et al., 2011) . In the AMD formation process, water which passes through abandoned or existing mines, tailings dumps or waste rock, reacts with the exposed iron-sulphide minerals. These iron-sulphide minerals are oxidised, usually by oxygen, resulting in acidic, sulphate-rich liquid being formed, with iron and other heavy metals present in their soluble form (Ziemkiewicz, 1998; Potgieter-Vermaak et al., 2006) . The metal content of AMD is a result of the type and composition of the material found in the mineral being oxidised (Akcil and Koldas, 2006) . AMD has long been considered an environmental hazard (Sheoran and Sheoran, 2006) and can cause long-term damage to waterways and to the biodiversity of ecosystems that rely on these waterways (Akcil and Koldas, 2006) . In addition to its acidic nature, some AMD effluents contain cyanides, and/or heavy and toxic metals. In literature, it has been proposed that the heavy metal content of AMD is of greater environmental concern than the acidity of the effluent (Sheoran and Sheoran, 2006) . AMD presents a particular problem for South Africa, where large deposits of natural reserves, most notably gold and coal, occur (SouthAfrica.info, 2013) . As such, mining of these resources is one of the largest industries in the country. The current production of AMD is primarily as a result of current and historic coal and gold mining operations (PotgieterVermaak et al., 2006; Tutu et al., 2008) . The extraction of these minerals from mines, whether open-pit or shaft, often results in wastewater and effluent (Akcil and Koldas, 2006) . Furthermore, because of the high cost of treating AMD, a trend has developed in South Africa in which mining companies submit to the closure of an AMD-affected mine in an attempt to avoid costs associated with treating the AMD (Labuschagne et al., 2005) . Within the Gauteng Province of South Africa, the presence of soluble, and hence mobile, uranium poses an additional threat to potentially impacted receptors of AMD (Tutu et al., 2008) .
Treating AMD

Treatment options
Various strategies for AMD treatment and mitigation have been proposed including primary prevention (the prevention of acid-producing processes), secondary control (the prevention of acid migration or movement after formation) and tertiary control (the collection and treatment of effluent). Primary prevention is not always feasible as the prediction of the potential of a process to create AMD is exceedingly challenging and costly (USEPA, 1994) . Furthermore, this would vary from site to site and between mines as the AMD compositions frequently differ. Secondary control is often not feasible as there is no standardised method for ranking, measuring, and reducing AMD (Akcil and Koldas, 2006 
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Passive treatment systems Passive treatment systems have been used for many years to treat mine effluents of varying compositions and pH levels (Dvorak et al., 1992; Younger, 1997) . It has been shown that passive treatment is possible using the process of dissimilatory sulphate reduction (DSR) coupled with organic carbon reduction (Tuttle et al., 1969) . According to the literature (Lindsay et al., 2011) , sulphate-reducing bacteria (SRB) form the catalyst in the DSR process, consuming organic carbon (CH 2 O, for example) under strictly anaerobic conditions according Eq. (1) below:
The generation of bicarbonate by this reaction increases the alkalinity. Further, the production of H 2 S promotes the removal of metals which have low solubility products as metal sulphides, such as the ferrous ion (Fe 2+ ). The action of DSR and metal-sulphide precipitation has been shown to reduce the aqueous concentration of Fe, Cu, Pb, Zn and Ni (Waybrandt et al. 1998; Benner et al. 1999) . It has been observed that the rate of sulphate reduction by SRB is strongly affected by nutrient availability, particularly the availability of carbon (Benner et al., 2000) . Therefore, there must be an organic carbon amendment to the reacting system. Particular passive treatment systems which have been utilised for DSR include anaerobic bioreactors (Dvorak et al., 1992; Christensen et al., 1996) , anaerobic wetlands (Kadlec et al., 2000) , and reactive permeable barriers (Waybrandt et al., 1998) . All of these technologies have been applied to AMD treatment. In this study, the use of amended constructed wetlands as a potential remedial strategy for AMD was investigated.
Amended constructed wetlands
Constructed wetlands are attached-growth biofilters/bioreactors which utilise vegetation specially adapted to grow in an environment of complete or near-saturation of the vadose zone (Wallace et al., 2006) . Historically, constructed wetlands have been applied to AMD (Kadlec et al., 2000; Wallace and Knight, 2000) , with most of the applications at abandoned or disused coal mines (Ziemkiewicz, 1998; Batty and Younger, 2004) , or for the removal of iron and/or manganese from mine effluent streams (Wallace and Knight 2006). The effect of vegetation is an important parameter in constructed wetlands used to treat metal-contaminated water (Batty, 2003) , since plants are able to remove dissolved metals from water via the process of rhizofiltration (Dushenkov et al., 1995) . However, vegetation has proved difficult to establish in AMD treatment applications due to the low pH (Batty and Younger, 2004) .
Various organic carbon sources, such as wood chips, livestock manure, winery waste, crop residues, organic soil, municipal compost, municipal biosolids and grain mill byproducts have been used as carbon amendments for treating AMD (Lindsay et al., 2011; Tuttle et al. 1969; Christensen et al. 1996) . The influence of various carbon sources on the passive remediation of the mill-tailings pore-water of a disused silverzinc-lead-gold mine was investigated. Various mixtures of peat, spent brewing grain and municipal biosolids were found to promote DSR and metal-sulphide precipitation (Lindsay et al., 2011) , while decreasing the aqueous concentrations of zinc, thallium, manganese, nickel and antimony (Lindsay et al., 2011) . The investigators concluded that the use of an organic carbon amendment in treating AMD was necessary for the effectiveness of long-term treatment.
Alternative AMD-neutralising agents have also been reported in the literature (Potgieter-Vermaak et al., 2006; Ziemkiewicz, 1998; Feng et al., 2004; Yokley and Lancet, 1987) . A study on the use of steel slag in AMD remediation was conducted (Ziemkiewicz, 1998) . Steel slags are effectively a mixture of soluble calcium and manganese oxides encased in a glassy calcium-alumino-silicate matrix. It was found that steel slags tend to generate high levels of alkalinity over time, and also exhibit high acid neutralisation potentials. It was also found that steel slags are able to provide highly concentrated alkaline recharges to AMD. Further, steel slags retain a relatively high permeability to water, retain structural integrity when pelletized and packed, and do not absorb atmospheric carbon dioxide to form calcite, which implies that even steel slag which has been exposed to the elements for many years is still able to yield high levels of alkalinity (Ziemkiewicz, 1998) . Thus, steel slag represents a viable amendment to a CW designed to treat AMD as it is able to provide a stable support medium for vegetation, as well as to effectively reduce acidity levels.
In this study the AMD remediation potential of two smallscale, constructed wetlands was investigated. The first was constructed with a bed matrix of basic oxygen furnace (BOF) slag and the second with commercially available charcoal. Charcoal was chosen as an amendment as it is stable, not prone to normal biodegradation processes and has an ion adsorption capacity. Both systems were planted with a mixture of plants, although primarily with Zantedeschia aethiopica (arum lily) and Cyperus papyrus (papyrus reed).
EXPERIMENTAL PROCEDURES Experimental apparatus
Two experimental rigs consisting of 3 acrylonitrile-butadienestyrene tanks connected in series were constructed. The first rig was filled with 50 kg (in total) of hardwood charcoal (Ignite Products) and the other was filled with 70 kg (in total) of BOF slag, nominal particle diameter of 25 mm (Harsco Metals & Minerals South Africa). Both the rigs were assumed to have a void fraction of approximately 40% and were then filled with tap water such that the effective liquid volume of water was 60 ℓ. The CW was sparsely planted with Zantedeschia aethiopica and Cyperus papyrus. The rigs are shown in Fig. 1 .
Simulated acid mine drainage
In Experiment 1, a simulated AMD (pH 4) was fed to the CWs and in Experiment 2, a lower pH simulated AMD (pH 1.35) was fed to the CWs. In each experiment, the AMD was fed at 30 mℓ/min such that the AMD had a nominal residence time of 2.5 days. The simulated AMD was made according to the concentrations of Potgieter-Vermaak et al. (2006) and its composition is presented in Table 1 . Upon feeding the AMD into the CWs, samples were taken from the outlets of the systems every 2 h from 08:00 to 20:00 for 3 days. The first sample of each run was taken as a control sample before the addition of the AMD. The samples were analysed for pH, sulphate and total iron concentration. The pH was tested using universal indicator paper, while the sulphate and iron ion concentrations were analysed using the 
RESULTS AND DISCUSSION
Diluting effect
In the figures presented, the feed to the CW and the concentration at the outlet, as well as a value called 'diluted iron, diluted sulphate' etc., is shown. Since the rigs were initially filled with water, as the simulated AMD was fed into them, the water would have had a dilution effect. This diluting effect (as a maximum dilution) is presented as a comparison as this value would indicate that of zero remediation.
Neutralisation of acidity
The effect of charcoal and slag CW on the pH of treated AMD is shown in Fig. 2 . The data indicate that the pH increased in the experiments, with the slag-based CW being more effective at increasing the pH to a value between 6.5 and 7 in both experiments. The charcoal-based CW raised the pH but not to the same extent as the slag-based CW. The temporal behaviour of the system indicated the CWs were less effective with increasing time. The steady-state values (if such exist) were not determined in this study and we are aware that this is a limitation of these experiments.
In terms of acidity reduction, the BOF slag amendment showed increased pH-raising capacity compared to the charcoal CW. Regarding the CWs ability to treat AMD, it was observed that the wetland plants in both beds survived the moderate and low pH runs. As such, it is surmised that other wetland plants would also be able to treat the very acidic AMD, although it may prove difficult to establish the vegetation to be used under such conditions (Batty and Younger, 2004) and whether it would survive over extended periods.
Iron and sulphate removal
The results of iron and sulphate removal using the charcoal and slag CWs are presented in Fig. 3 and Fig. 4 , respectively.
Iron removal
It can be seen that in both experiments iron was effectively removed by the CWs from dissolved form. The iron exited the CW as an insoluble, red, turbid colouring in the outlet, which was most probably a suspension of iron oxides and hydroxides. The increase in pH (see Fig. 4 ) caused the precipitation of iron, an explanation supported by the Pourbaix 372 diagram for iron. It is also possible that the adsorptive capacity of the charcoal aided in the removal of iron, although this was not tested in this experiment. The appearance of iron hydroxide precipitates was most probably due to the presence of iron-oxidising bacteria -particularly Sagittaria australis -which may have been present in the CW system (Emerson et al., 1999) , although this has not been tested at this time. The appearance of iron hydroxide in the CW effluent indicated that the CW failed to effectively filter out the solid iron precipitate. This means that further treatment steps may be needed after the CW to effectively filter out iron precipitates, should such a CW be designed. If filtration were effective, clogging of the CW matrix could reduce the efficacy of the system with time.
Sulphate removal
Sulphate was removed in both systems to less than 25% of the input amount. A diurnal effect was observed which was suggestive of biological/microbial removal, and, indeed, during sampling a stench of H 2 S gas emanating from both the charcoal and the slag CW was noted. Given the short duration of the experiment, it was not possible to conclusively determine which system was more effective at sulphate removal. It appears that at an initial pH of 1.35, both systems were operating well by 60 h, with the slag-based CW demonstrating better sulphate removal. At a higher pH of 4, by 60 h it appeared that the charcoal-based CW was more effective at sulphate removal. Further work should be conducted to confirm this and to determine long-term trends.
The morning peaks observed in the sulphate levels, particularly in the charcoal-based bed, could possibly be explained by the diurnal activity of photosynthetic microorganisms and plants in the CW. The cycle of photosynthesis produces an organic carbon source which could be utilised by the SRB as a reactant in the DSR reaction (Eq. (1)). Photosynthetic organisms are not active at night and there is therefore an absence of organic carbon, which implies that the SRB were not able to conduct DSR in the dark (Rumbold, 2011) . If this were the case, the sulphate concentration in the CW should increase at night, as was observed.
Although the ability of a slag matrix structure to sequestrate metal ions through a solid precipitation-sequestration process is well documented (Ziemkiewicz, 1998; Nehrehneim et al., 2008) , literature relating to sulphate reduction could not be found. Further work is required to determine the mechanism of sulphate reduction in the slag-based bed, be it chemical, biochemical, physical or a combination thereof.
CONCLUSIONS AND RECOMMENDATIONS
From the results of the pH, iron and sulphate tests presented, it was concluded that CWs, amended with BOF slag or charcoal, were able to effect some remediation on an AMD stream. Both slag-and charcoal-based CWs removed iron almost completely from the aqueous phase. It was noted that a slag amendment appeared to provide a better environment for sulphate reduction and was marginally more effective than charcoal at AMD treatment, although both CWs removed in excess of 75% of the sulphate in the feed.
The mechanisms of remediation were not fully elucidated but the BOF-amended CW probably effects remediation through chemico-physical processes whilst the charcoal CW effects remediation through physical, chemical and biological processes.
There is a need to conduct further research to better understand the microbial action underlying the iron and sulphate reduction. The long-term and maximum capacities of the systems also need to be understood as it has not yet been established how much AMD the slag can treat per unit mass, or the rate at which charcoal should be added to a charcoal-amended system. The iron filtration properties of the two systems will also be investigated in future research.
